Introduction {#cti21146-sec-0001}
============

Interleukin (IL)‐33 was identified as a cytokine member of the IL‐1 family in 2005 by GenBank databases.[^1^](#cti21146-bib-0001){ref-type="ref"} IL‐33 protein is constitutively and extensively present in healthy mice and humans, and is primarily stored in the nucleus of non‐haematopoietic cells,[^1^](#cti21146-bib-0001){ref-type="ref"} including epithelial cells, endothelial cells and keratinocytes, particularly in tissue barrier sites and fibroblastic reticular cells (FRCs) of lymph nodes, as well as mesenchymal cells.[^1^](#cti21146-bib-0001){ref-type="ref"}, [^2^](#cti21146-bib-0002){ref-type="ref"}, [^3^](#cti21146-bib-0003){ref-type="ref"}, [^4^](#cti21146-bib-0004){ref-type="ref"}, [^5^](#cti21146-bib-0005){ref-type="ref"} It has been proposed that IL‐33 was described as an alarmin that is stored in the nucleus and functioned as an extracellular cytokine in its full‐length form (amino acid 1‐270) when released in response to cell or tissue damage.[^3^](#cti21146-bib-0003){ref-type="ref"} Full‐length IL‐33 (IL‐33~FL~) is biologically active, but proteases derived from different cellular sources, such as neutrophils and mast cells, process bioactive IL‐33~FL~ into N‐terminally truncated forms (IL‐33~95--270~, IL‐33~99--270~, IL‐33~107--270~, IL‐33~109--270~ and IL‐33~111‐270~) that have up to 30‐fold higher biological activity than IL‐33~FL~.[^3^](#cti21146-bib-0003){ref-type="ref"}, [^6^](#cti21146-bib-0006){ref-type="ref"} Another protein ST2, also called T1 or IL‐1 receptor‐like 1 (IL1RL1), is the only well‐documented receptor for IL‐33. Upon ligand binding, the receptor‐associated kinase undergoes recruitment and phosphorylation, which exerts IL‐33 cytokine activity and leads to a series of downstream reactions.[^1^](#cti21146-bib-0001){ref-type="ref"} Primarily, IL‐33 was associated with type 2 immune response,[^7^](#cti21146-bib-0007){ref-type="ref"}, [^8^](#cti21146-bib-0008){ref-type="ref"} accompanied by robust production of IL‐5 and IL‐13.[^1^](#cti21146-bib-0001){ref-type="ref"} Expression of ST2 was discovered in dendritic cells (DCs), mast cells (MCs), basophils, eosinophils, neutrophils, macrophages, group 2 innate lymphoid cells (ILC2s), T helper (Th) 2 cells, B cells and regulatory T cells (Tregs).[^9^](#cti21146-bib-0009){ref-type="ref"} However, recent studies show that IL‐33 also drives type 1 immune response[^10^](#cti21146-bib-0010){ref-type="ref"}, [^11^](#cti21146-bib-0011){ref-type="ref"} and plays a protective antiviral response.[^11^](#cti21146-bib-0011){ref-type="ref"}, [^12^](#cti21146-bib-0012){ref-type="ref"} Natural killer (NK) cells, NKT cells, CD8^+^ T cells and particularly Th1 cells were shown to feature ST2 expression.[^4^](#cti21146-bib-0004){ref-type="ref"}, [^11^](#cti21146-bib-0011){ref-type="ref"}, [^13^](#cti21146-bib-0013){ref-type="ref"} This pleiotropic nature of IL‐33 and unique ST2 expression likely explains why IL‐33 participates in infection, inflammation, tissue homeostasis and repair within these immune cellular networks.[^5^](#cti21146-bib-0005){ref-type="ref"}, [^12^](#cti21146-bib-0012){ref-type="ref"} Despite this pleiotropic spectrum, important questions remain regarding how IL‐33 acts on different immune cell populations during Th1 and Th2 cell‐mediated immunity, and these questions require clarification. Within this review, we have summarised the current understanding of IL‐33 and its mode of action in immune cells. Although recent reviews have mostly focused on the functions of IL‐33 in inflammatory diseases, we also highlight their less well‐appreciated roles in tissue repair and homeostasis. In this regard, we believe that IL‐33 is essential for furthering endeavours towards its clinical applications.

IL‐33 receptor and signal transductions {#cti21146-sec-0002}
=======================================

The crystal structure of the ectodomain of ST2 complexed with IL‐33 has been determined.[^3^](#cti21146-bib-0003){ref-type="ref"} The ectodomain of ST2 contains an extracellular domain, which binds IL‐33 with the help of IL‐1 receptor accessory protein (IL‐1RAP) to initiate signalling. The binary IL‐33‐ST2 leads to the recruitment of MyD88 and IL‐1R‐associated kinase (IRAK). This complex then activates downstream signalling of mitogen‐activated protein kinases (MAPK), Erk1/2, p38, c‐Jun N‐terminal kinases (JNK) and NF‐κB through TRAF6.[^1^](#cti21146-bib-0001){ref-type="ref"}, [^3^](#cti21146-bib-0003){ref-type="ref"} IL‐33 elicits cytokine production and other cellular effects by these signals. For example, IL‐13 production results from p38‐MK2/3 activation in DCs stimulated with IL‐33.[^14^](#cti21146-bib-0014){ref-type="ref"} By activating JNK and NF‐κB, IL‐33 directly induces type 2 production in neutrophils.[^15^](#cti21146-bib-0015){ref-type="ref"}

ST2 is broadly expressed on the cell surface of various haematopoietic cells, and it has been documented that ST2 is the only receptor of IL‐33. The unique biologic effect of IL‐33 is mediated by ST2 expression, which can explain the orchestrator function of IL‐33. Michael Peine *et al*. detail evidence indicating that IL‐33 enhances the expression of the lineage‐specifying transcription factors for T cells. In turn, these transcription factors control and enhance ST2 expression, thus triggering a positive feedback mechanism. The Th1 lineage‐specifying transcription factors, T‐bet and STAT4, are required for ST2 expression. IL‐33 supports the upregulation of T‐bet and STAT4, thus fuelling a positive feedback loop that strengthens Th1 cell differentiation via its own receptor, ST2.[^9^](#cti21146-bib-0009){ref-type="ref"}, [^11^](#cti21146-bib-0011){ref-type="ref"} Taken together, IL‐33 may control effector function in haematopoietic cells through ST2 expression.

IL‐33‐responsive immune cell {#cti21146-sec-0003}
============================

IL‐33 is an alarmin that strongly promotes the activity of the immune system.[^3^](#cti21146-bib-0003){ref-type="ref"} Principally, it was associated with type 2 innate and adaptive immunity and inflammation, characterised by the production of IL‐4, IL‐5 and IL‐13.[^1^](#cti21146-bib-0001){ref-type="ref"}, [^7^](#cti21146-bib-0007){ref-type="ref"} Hence, for a deep understanding of the IL‐33 system, it is necessary to know[^12^](#cti21146-bib-0012){ref-type="ref"} how these ST2‐expressing cell types orchestrate the response to a constitutive or inducible IL‐33 cytokine.

Dendritic cells {#cti21146-sec-0004}
---------------

Dendritic cells express ST2 and respond directly to IL‐33.[^14^](#cti21146-bib-0014){ref-type="ref"}, [^16^](#cti21146-bib-0016){ref-type="ref"} Under treatment of IL‐33, DCs can be activated to release cytokines.[^14^](#cti21146-bib-0014){ref-type="ref"} Cell‐surface expression of OX40L, MHC class II and CD86 is upregulated,[^16^](#cti21146-bib-0016){ref-type="ref"} which is associated with DC and T‐cell interaction. It has long been established that antigen presentation by DCs is crucial to bridge innate and adaptive immunity, primarily their direction of Th cell differentiation.[^16^](#cti21146-bib-0016){ref-type="ref"} In the presence of DCs, IL‐33 can direct naive CD4^+^ T cells towards Th2 cells[^16^](#cti21146-bib-0016){ref-type="ref"}, [^17^](#cti21146-bib-0017){ref-type="ref"} and promote its proliferation and Th2 cytokine production, whether the antigen presentation and recognition exists or not.[^18^](#cti21146-bib-0018){ref-type="ref"} Although the DC subset is involved in allergy and parasite reaction by polarising and initiating Th2 cell immunity, its mechanism has not been identified yet. In fact, several studies have indicated that the expression of functional surface molecules in DC subsets dictates Th2 differentiation. For example, on the one hand IL‐33‐stimulated DCs express upregulated OX40L and promote Th2 cell‐mediated immunity.[^16^](#cti21146-bib-0016){ref-type="ref"}, [^19^](#cti21146-bib-0019){ref-type="ref"} On the other hand, PPAR‐γ and IRF4 also control the capacity of DCs to polarise Th2 cells and are critical for IL‐33‐stimulated Th2 effector function.[^17^](#cti21146-bib-0017){ref-type="ref"}, [^20^](#cti21146-bib-0020){ref-type="ref"} Curiously, IL‐10 and IL‐17 are also detected within the DC cytokine production.[^16^](#cti21146-bib-0016){ref-type="ref"} Some works describe that IL‐33 is involved in Th17‐bias differentiation and upregulation of Th17‐associated molecule expression of RORγt and IL‐17 by DCs.[^16^](#cti21146-bib-0016){ref-type="ref"} By contrast, IL‐33 also supports Treg expansion when exposed to DCs, and ST2^−/−^ DCs fail to promote Treg proliferation.[^19^](#cti21146-bib-0019){ref-type="ref"}, [^21^](#cti21146-bib-0021){ref-type="ref"} Thus, DCs may maintain the capacity of T cells to differentiate into Th2, Th17 and Treg, and detailed mechanisms remain to be elucidated.

Mast cells {#cti21146-sec-0005}
----------

ST2 mRNA and protein have been detected in MCs,[^2^](#cti21146-bib-0002){ref-type="ref"} and IL‐33 was found to activate and expand MCs.[^2^](#cti21146-bib-0002){ref-type="ref"}, [^22^](#cti21146-bib-0022){ref-type="ref"} When activated, MCs have the capacity to induce high levels of cytokine production, including IL‐5, IL‐6, IL‐13, TNF, IL‐2 and TGF‐β.[^2^](#cti21146-bib-0002){ref-type="ref"}, [^23^](#cti21146-bib-0023){ref-type="ref"}, [^24^](#cti21146-bib-0024){ref-type="ref"} Furthermore, IL‐33 can enhance the expression of the chemokines CCL2, CCL3 and CCL7, which are chemoattractant for macrophages.[^2^](#cti21146-bib-0002){ref-type="ref"} CCR7 induces MCs to migrate towards T‐cell‐rich tertiary lymphoid structures (TLSs).[^23^](#cti21146-bib-0023){ref-type="ref"} The above effects are mediated by IL‐33 in the absence of IgE crosslinking. Accordingly, IL‐33 significantly augments cytokine production, mediators and even the degranulation magnitude in an IgE‐dependent manner during airway inflammation.[^25^](#cti21146-bib-0025){ref-type="ref"}, [^26^](#cti21146-bib-0026){ref-type="ref"} In addition to effector function, IL‐33 treatment prolongs the survival of MCs, which is mediated primarily by the upregulation of anti‐apoptotic factor BCLXL.[^27^](#cti21146-bib-0027){ref-type="ref"}

Granulocytes {#cti21146-sec-0006}
------------

ST2 was reportedly expressed in granulocytes, including eosinophils, neutrophils and basophils.[^28^](#cti21146-bib-0028){ref-type="ref"}, [^29^](#cti21146-bib-0029){ref-type="ref"}, [^30^](#cti21146-bib-0030){ref-type="ref"} These cells have been shown to respond to IL‐33 with an induced overlapping set of cytokine and chemokine productions,[^28^](#cti21146-bib-0028){ref-type="ref"} as well as granulation upon IgE triggering. However, in eosinophils, IL‐33 potently enhances its development and superoxide production, as well as survival.[^28^](#cti21146-bib-0028){ref-type="ref"}, [^29^](#cti21146-bib-0029){ref-type="ref"} Infiltration of robust tissue eosinophils is markedly noted in mice treated with IL‐33.[^1^](#cti21146-bib-0001){ref-type="ref"}, [^31^](#cti21146-bib-0031){ref-type="ref"}, [^32^](#cti21146-bib-0032){ref-type="ref"} Curiously, IL‐33 shaped lung‐resident basophils into a specific gene profile. Subsequently, the basophil polarises the macrophage towards an anti‐inflammatory alternatively activated macrophage (AAM), which maintains a lung‐specific microenvironment.[^29^](#cti21146-bib-0029){ref-type="ref"}

Information regarding the responsiveness of neutrophils to IL‐33 is limited. Its surface expression was robustly increased when neutrophils were exposed to IL‐33.[^30^](#cti21146-bib-0030){ref-type="ref"} Neutrophils are primarily involved in Th2 immune disease, including asthma and infectious diseases. Recent studies showed that IL‐33 can polarise neutrophils and display a distinct gene expression profile. This expression profile of Th2 cytokines includes IL‐4, IL‐5, IL‐9 and IL‐13, suggesting the pathogenesis of IL‐33‐induced neutrophils in airway allergic disease. Furthermore, IL‐33 promotes the synthesis of chemokines CXCL2, CXCL3, CCL7, CCL2 and CXCR2,[^15^](#cti21146-bib-0015){ref-type="ref"}, [^30^](#cti21146-bib-0030){ref-type="ref"} which promote the influx of neutrophils to the pathogenic site. In this study, phagocytosis and neutrophil killing activity are markedly elevated in mice infected with *Candida albicans*.[^33^](#cti21146-bib-0033){ref-type="ref"} Sepsis‐induced mice with ST2‐deleted neutrophils had impaired neutrophil migration ability and had decreased length of survival.[^30^](#cti21146-bib-0030){ref-type="ref"}

Macrophages {#cti21146-sec-0007}
-----------

Macrophages have been reported to constitutively express ST2,[^34^](#cti21146-bib-0034){ref-type="ref"} supporting the idea that IL‐33 can stimulate and polarise macrophages towards AAM, dependent of IL‐13 or IL‐4. This has shown a display in upregulated AAM markers, including arginase 1 and Ym1,[^33^](#cti21146-bib-0033){ref-type="ref"}, [^35^](#cti21146-bib-0035){ref-type="ref"}, [^36^](#cti21146-bib-0036){ref-type="ref"} and is accompanied by chemokine production, which may further recruit inflammatory cells.[^37^](#cti21146-bib-0037){ref-type="ref"} In this regard, TGF‐β was produced by AAM in bleomycin‐induced fibrosis.[^38^](#cti21146-bib-0038){ref-type="ref"} In particular, brain‐derived macrophages have a phagocytic capacity when exposed to IL‐33 and can also act neuroprotectively.[^39^](#cti21146-bib-0039){ref-type="ref"} Furthermore, IL‐33 promotes macrophages to express CCR2 and recruit macrophages to the site of injury.[^39^](#cti21146-bib-0039){ref-type="ref"} By contrast, IL‐33 regulates the functions of macrophages through a Toll‐like receptor. When responding to LPS, IL‐33‐primed macrophages express increased levels of MD2 and TLR‐4, thereby elevating its pro‐inflammatory effect.[^34^](#cti21146-bib-0034){ref-type="ref"}

NK and iNKT cells {#cti21146-sec-0008}
-----------------

ST2 can also be found on NK and iNKT cells.[^4^](#cti21146-bib-0004){ref-type="ref"}, [^13^](#cti21146-bib-0013){ref-type="ref"} IL‐33 serves as a potent stimulator of NK and NKT cells. IL‐33 expands NK cell and IFN‐γ production only upon TCR engagement, or in the presence of cytokine IL‐12 *in vitro*.[^4^](#cti21146-bib-0004){ref-type="ref"}, [^10^](#cti21146-bib-0010){ref-type="ref"}, [^13^](#cti21146-bib-0013){ref-type="ref"} Indeed, ST2‐deficient mice showed significantly less virus‐induced IFN‐γ secretion by NK cells when compared to WT mice.[^10^](#cti21146-bib-0010){ref-type="ref"} Like NK cells, iNKT cells stimulated by IL‐33 have the ability to proliferate and produce IFN‐γ and IL‐17A.[^4^](#cti21146-bib-0004){ref-type="ref"} In contrast, IL‐33‐deficient mice showed impaired recruitment, activation and cytokine production of iNKT cells during ischaemia--reperfusion injury.[^4^](#cti21146-bib-0004){ref-type="ref"} However, augmented levels of Th2 cytokines (IL‐4, IL‐5 and IL‐13) were also detected in iNKT cells.[^13^](#cti21146-bib-0013){ref-type="ref"}

ILC2s {#cti21146-sec-0009}
-----

A heterogeneous group of ILCs are capable of producing large numbers of Th2 cytokines and constitutively expressing ST2.[^5^](#cti21146-bib-0005){ref-type="ref"}, [^40^](#cti21146-bib-0040){ref-type="ref"}, [^41^](#cti21146-bib-0041){ref-type="ref"} This group is collectively termed ILC2s. Based on studies of tissue‐resident ILC2s obtained from tissue, including skin, lung, gastrointestinal tract, islet, brain and adipose tissue, it was proposed that IL‐33 was a potent stimulus for ILC2s.[^8^](#cti21146-bib-0008){ref-type="ref"}, [^16^](#cti21146-bib-0016){ref-type="ref"}, [^41^](#cti21146-bib-0041){ref-type="ref"}, [^42^](#cti21146-bib-0042){ref-type="ref"} When activated by IL‐33, ILC2s can release abundant quantities of type 2 cytokines such as IL‐5, IL‐6, IL‐13 and GMSF. In addition, ILC2s can release epithelial growth factors such as amphiregulin (AREG).[^5^](#cti21146-bib-0005){ref-type="ref"}, [^43^](#cti21146-bib-0043){ref-type="ref"} IL‐33 also increases the migratory capacity of ILC2s via the induction of chemoattractants such as CCXL16 and CCL25.[^7^](#cti21146-bib-0007){ref-type="ref"} It supports the fact that ILC2s can home to specific tissue, which contributes to pathological changes in asthma.[^7^](#cti21146-bib-0007){ref-type="ref"}

However, IL‐33 promotes the development and maintenance of ILC2s. Transcription factors that drive the development of ILC2s such as Gfi1, GATA3 and RORα also participate in the action of IL‐33. The responsiveness of ILC2s to IL‐33 was found to be controlled by Gfi1, which regulates ST2 expression at the surface of ILC2s.[^8^](#cti21146-bib-0008){ref-type="ref"} Upon administration of IL‐33, the expression of GATA3 and RORα is upregulated in ILC2s,[^8^](#cti21146-bib-0008){ref-type="ref"} and is accompanied by ILC2 expansion.[^2^](#cti21146-bib-0002){ref-type="ref"}, [^7^](#cti21146-bib-0007){ref-type="ref"} The number of ILC2s was severely compromised in IL‐33‐deficient mice in islets when compared to control mice.[^5^](#cti21146-bib-0005){ref-type="ref"} Further, the idea that IL‐33‐induced proliferation in comparison with WT control has been validated using ILC2‐reconstituted *Rag2‐Il2rg*‐ double knockout mice.[^5^](#cti21146-bib-0005){ref-type="ref"} Specifically, signalling molecules such as OX40L, ICOSL and PD‐L1 on the cell surface also influence cross‐dialogue between ILC2s and T cells following IL‐33 administration. For example, IL‐33‐induced OX40L in ILC2s from the lungs can mediate adaptive type 2 immunity via OX40 in Th2 cells and Tregs.[^19^](#cti21146-bib-0019){ref-type="ref"} Murine ILC2s promote Treg accumulation depending on the interactions between ICOS in Tregs and ICOSL in ILC2s.[^42^](#cti21146-bib-0042){ref-type="ref"} The upregulation of PD‐L1 on ILC2s in response to IL‐33 can control Th2 differentiation. This differentiation occurs via dialogue with PD‐1 on CD4^+^ T cells, and thus can promote anti‐helminth infection capabilities.[^44^](#cti21146-bib-0044){ref-type="ref"} More specially, IL‐33‐primed ILC2s appear to be more potent in innate immunity, rather than in adaptive immunity. ILC2s are sufficient in experimental models of allergic asthma in order to potentiate IL‐33‐induced airway inflammation and promote AHR.[^8^](#cti21146-bib-0008){ref-type="ref"}, [^24^](#cti21146-bib-0024){ref-type="ref"}

Th2 cells {#cti21146-sec-0010}
---------

ST2 is constitutively expressed at high levels from activated Th2 cells, but not from naive CD4^+^ T cells.[^9^](#cti21146-bib-0009){ref-type="ref"} Th2 cells can respond directly to IL‐33 and can express differential and functional programmes. *In vitro* polarisation studies have implicated that IL‐33 can polarise naive CD4^+^ T cells towards activated Th2 cells in order to produce IL‐5 and IL‐13. However, this response only occurs in the presence of TCR triggering.[^1^](#cti21146-bib-0001){ref-type="ref"}, [^45^](#cti21146-bib-0045){ref-type="ref"} Furthermore, antigen‐specific ST2^+^ Th2 cells were shown to produce more IL‐5 and IL‐13 than the non‐antigen‐specific Th cells and ST2^−/−^ Th2 cells.[^46^](#cti21146-bib-0046){ref-type="ref"} Expression of PPAR‐γ on Th2 cells is critical for ST2, which mediates Th2 response in allergic and anti‐infection responses.[^47^](#cti21146-bib-0047){ref-type="ref"} During infection with *Nippostrongylus brasiliensis*, intestinal adult worm burden was significantly lower in mice that had received OT‐II Th2 cells in *Rag2^−/−^Il2rg^−/−^* mice than in control mice that did not receive Th2 cells.[^45^](#cti21146-bib-0045){ref-type="ref"}

Th17 cells {#cti21146-sec-0011}
----------

Information regarding the responsiveness of Th17 cells to IL‐33 is sparse. Recent studies showed that ST2 is expressed in Th17 cells both in mice and in humans.[^48^](#cti21146-bib-0048){ref-type="ref"} However, the process by which Th17 cells upregulate ST2 remains unclear. Surprisingly, IL‐33 is capable of inducing the cell suppressor function of Th17 and dampening inflammatory pathology via secretion of IL‐10 in the small intestine.[^48^](#cti21146-bib-0048){ref-type="ref"}

Th1 cells {#cti21146-sec-0012}
---------

Several published reports have shown that activated Th1 cells express ST2, albeit at relatively lower levels than Th2 cells.[^11^](#cti21146-bib-0011){ref-type="ref"} This supports the possibility that IL‐33 acts on Th1. Transcriptional network analyses were used to identify the mechanism underlying ST2 expression of Th1 cells. T‐bet and STAT4, Th1 lineage‐specifying transcription factors, are required for optimal ST2 expression.[^9^](#cti21146-bib-0009){ref-type="ref"}, [^11^](#cti21146-bib-0011){ref-type="ref"} IL‐33 enhances the expression of transcription factors T‐bet and STAT4, which in turn promotes the expression of ST2. Thus, IL‐33 promotes the differentiation programmes of Th1.[^9^](#cti21146-bib-0009){ref-type="ref"} Studies of mice infected with lymphocytic choriomeningitis virus (LCMV) indicated that IL‐33 promotes expansion and cytokine production of Th1 cells, thereby perpetuating antiviral effects.[^11^](#cti21146-bib-0011){ref-type="ref"} Furthermore, recent studies demonstrated that IL‐33 can potentiate the action of IL‐12 in Th1 cells, resulting in Th1 cell polarisation and elevated production of IFN‐γ.[^49^](#cti21146-bib-0049){ref-type="ref"} However, it remains unclear whether IL‐33 signalling can control functional behaviour and what the mechanism is behind it.

B cells {#cti21146-sec-0013}
-------

IL‑33 has a known role in the development of B‐cell immunoglobulin response. B cells can be effectively activated by IL‐33 stimulation and induce IgA and IgE production in naive mice. This can also augment IgM secretions in inflammatory or allergic disease.[^20^](#cti21146-bib-0020){ref-type="ref"}, [^50^](#cti21146-bib-0050){ref-type="ref"} In ST2*^−/−^* mice with transferred IL‐33‐activated B1 cells, contact sensitivity was significantly enhanced after IL‐33 treatment.[^50^](#cti21146-bib-0050){ref-type="ref"} However, only B1 cells express ST2,[^51^](#cti21146-bib-0051){ref-type="ref"}, [^52^](#cti21146-bib-0052){ref-type="ref"} so this may also be a marker to distinguish B1 cells from B2 cells. Effector function in B cells after treatment of IL‐33 has been reported. Levels of ST2 expression in B1 cells were found to be robustly elevated.[^52^](#cti21146-bib-0052){ref-type="ref"} *In vitro*, IL‐33 has the ability to induce the expression of cytokines, including IL‐5 and IL‐13 secretion.[^50^](#cti21146-bib-0050){ref-type="ref"} In addition, IL‐33 can enhance the expression of chemokines and growth factors, primarily including monocyte chemoattractant protein‐1 (MCP‐1), MIP‐1 and VEGF, which induce migration and growth of monocytes/macrophages.[^52^](#cti21146-bib-0052){ref-type="ref"}

Interestingly, Breg‐like cells were observed following IL‐33 rejection in WT mice. These Breg^IL‐33^ cells can block the development of inflammation in IBD mice by suppressing the pathogenic Th1 responses.[^53^](#cti21146-bib-0053){ref-type="ref"} Accordingly, IL‐10‐producing B cells in pericardial adipose tissue of mice were abundantly lower. Analyses of ST2 knockout mice further validated the action of IL‐33.[^51^](#cti21146-bib-0051){ref-type="ref"}

Tregs {#cti21146-sec-0014}
-----

Certain subsets of Tregs, including those in adipose tissue and intestines, constitutively express high amounts of ST2.[^54^](#cti21146-bib-0054){ref-type="ref"}, [^55^](#cti21146-bib-0055){ref-type="ref"}, [^56^](#cti21146-bib-0056){ref-type="ref"}, [^57^](#cti21146-bib-0057){ref-type="ref"} This suggests that these cells act as target of IL‐33. First, IL‐33 is required for the development and maintenance of functional Tregs. Studies have described that IL‐33 promotes the TGF‐β‐mediated Treg differentiation.[^54^](#cti21146-bib-0054){ref-type="ref"} In this research, IL‐33 induces the expression of Fopx3, a transcription factor that functions as a master regulator of the Treg phenotype.[^54^](#cti21146-bib-0054){ref-type="ref"} It also induces the expression of GATA‐3, which is essential for ST2 expression and stabilises Foxp3 expression, in the form of a feedforward reinforcing manner, and enhances expression.[^9^](#cti21146-bib-0009){ref-type="ref"}, [^54^](#cti21146-bib-0054){ref-type="ref"} Analysis of ST2^−/−^ Tregs *in vivo* showed Foxp3 expression is deficient.[^54^](#cti21146-bib-0054){ref-type="ref"} In another study, combined IL‐33 and IL‐2/STAT5 signals also boost GATA3 expression and therefore promote the Treg development programme.[^9^](#cti21146-bib-0009){ref-type="ref"}, [^57^](#cti21146-bib-0057){ref-type="ref"} Specifically, the transcription factors IRF4 and BATF are required for the development of Tregs in adipose tissue. IL‐33 promotes the expression of its own receptor by inducing high expression of IRF4 and BATF.[^57^](#cti21146-bib-0057){ref-type="ref"}

Second, under stimulation of IL‐33, ST2^+^ Tregs exhibit high levels of the activation markers KLRG1, CD103 and OX40.[^54^](#cti21146-bib-0054){ref-type="ref"}, [^55^](#cti21146-bib-0055){ref-type="ref"}, [^58^](#cti21146-bib-0058){ref-type="ref"} They also have potent suppressive capacity,[^21^](#cti21146-bib-0021){ref-type="ref"}, [^54^](#cti21146-bib-0054){ref-type="ref"} via IL‐10 and AREG production.[^55^](#cti21146-bib-0055){ref-type="ref"}, [^58^](#cti21146-bib-0058){ref-type="ref"} Third, IL‐33 also boosts the quantity and frequency of Tregs, primarily ST2^+^ Tregs, both *in vitro* and *in vivo*.[^54^](#cti21146-bib-0054){ref-type="ref"}, [^55^](#cti21146-bib-0055){ref-type="ref"}, [^57^](#cti21146-bib-0057){ref-type="ref"}, [^58^](#cti21146-bib-0058){ref-type="ref"} However, studies also suggest that this indirect mechanism is mediated by IL‐33 for the expansion of Tregs. This is a result of the IL‐33‐mediated promotion of IL‐2 production by innate immune cells, including DC and MC.[^21^](#cti21146-bib-0021){ref-type="ref"}, [^24^](#cti21146-bib-0024){ref-type="ref"} It also results from ILC2‐intrinsic IL‐33 signaling,[^19^](#cti21146-bib-0019){ref-type="ref"}, [^42^](#cti21146-bib-0042){ref-type="ref"} which maintains Treg stability.[^21^](#cti21146-bib-0021){ref-type="ref"}, [^54^](#cti21146-bib-0054){ref-type="ref"} IL‐33‐ or ST2‐deficient mice showed a serious reduction of Tregs in certain tissues, most notably adipose tissue.[^57^](#cti21146-bib-0057){ref-type="ref"} An administration of IL‐33 can reverse this reduction of Tregs and improve tissue damage, suggesting that IL‐33 supports tissue repair, which primarily depends on ST2^+^ Tregs.[^21^](#cti21146-bib-0021){ref-type="ref"}, [^57^](#cti21146-bib-0057){ref-type="ref"}

CD8^+^ T cells {#cti21146-sec-0015}
--------------

Only activated CD8^+^ T cells express ST2.[^59^](#cti21146-bib-0059){ref-type="ref"}, [^60^](#cti21146-bib-0060){ref-type="ref"} Studies have made points to show that primarily CD8^+^ T cells that were generated *in vitro* in the presence of IL‐12 or TCR triggering were reported to express ST2.[^59^](#cti21146-bib-0059){ref-type="ref"} IL‐33 augments clonal expansion and antiviral capacity via IFN‐γ production in CD8^+^ T cells.[^61^](#cti21146-bib-0061){ref-type="ref"} Specifically, IL‐33 was shown to enhance CD8^+^ T‐cell antigen‐specific responses by expressing CD107a/IFN‐γ in a vaccine setting.[^62^](#cti21146-bib-0062){ref-type="ref"} ST2*^−/−^* and IL‐33*^−/−^* mice verified this, which displayed significantly defective CTL responses.[^61^](#cti21146-bib-0061){ref-type="ref"}

IL‐33 in host defence {#cti21146-sec-0016}
=====================

After virus infection and Th1 immunity {#cti21146-sec-0017}
--------------------------------------

Immune response to viral infections involves Th1 immunity, primarily including CD4^+^ T cells, CD8^+^ T cells and NK cells. They are regarded as the orchestrating effector cells of antiviral immunity. The essential roles and relevant downstream effects of IL‑33 that are important in controlling the reaction to various pathogenic viruses have been studied. The enhanced viral clearance is due to the production of TNF‐α and IFN‐γ. During viral infection, IL‐33 can significantly enhance clonal expansion of ST2^+^CD8^+^T and NK cells to induce a cytotoxic response against a viral load in mice.[^13^](#cti21146-bib-0013){ref-type="ref"}, [^61^](#cti21146-bib-0061){ref-type="ref"}, [^63^](#cti21146-bib-0063){ref-type="ref"} Another important feature of IL‐33 during viral infection is the activation of ST2^+^Th1 cells, which also plays a role in antiviral immunity. Accordingly, IL‐33‐ and ST2‐deficient mice had an increased viral load and developed an exaggerated form of viraemia.[^61^](#cti21146-bib-0061){ref-type="ref"} Findings from the Th1 effector cells point to the functional importance of ST2 expression. It shows that the lack of ST2 in CD4^+^ T cells displayed impaired Th1 effector characteristics upon viral infection[^11^](#cti21146-bib-0011){ref-type="ref"} (Figure [1](#cti21146-fig-0001){ref-type="fig"}).

![Regulation of distinct modules of IL‐33 in host defence. Type 1 immunity and type 2 immunity are important for the host defence. IL‐33 is expressed by several cell types, but the primary contributors are epithelial cells in barrier tissue. In response to an invading infection, IL‐33 is released from the necrotic cells in order to recruit these immune cells. During a viral infection, released IL‐33 can enhance the function of Th1 cells, NK(T) cells and CD8^+^T cells via TNF‐α and IFN‐γ, thus acting as a protective antiviral response. During microbial infection, IL‐33 activates and expands ILC2s and Th2s, and recruits eosinophils and alternatively activated macrophages (AAMs). These immune cells feedback on the tissue via IL‐4, IL‐5 and IL‐13 and limit microbial infection.](CTI2-9-e1146-g001){#cti21146-fig-0001}

Moreover, it is now known that IL‐33 is also a crucial amplifier in adaptive immunity by enhancing an antiviral response. By augmenting the accumulation and recall of virus‐specific CD8^+^ memory T cells after infection from vaccinia viruses such as MCMV or LCMV, IL‐33 can promote the production of virus Abs, leading to greater protection against subsequent viral challenge.[^60^](#cti21146-bib-0060){ref-type="ref"}, [^62^](#cti21146-bib-0062){ref-type="ref"} Taken together, these data demonstrate that IL‐33 might have a role as a vaccine adjuvant to boost viral immunity. The success of this approach might depend on the route of the vaccine and its ability to promote a type 1‐skewed environment. Its exact mechanism needs to be further elucidated.

After microbial infection and Th2 immunity {#cti21146-sec-0018}
------------------------------------------

The role of IL‐33 in promoting host defence against invading pathogens such as helminths, bacteria or fungi has been extensively studied. Levels of IL‐33 expression were elevated following helminth infection, specifically by *N. brasiliensis* (*Nb*). This infection was accompanied by enhanced Th2 cytokine release and reduced Th1 and Th17 cytokine production.[^31^](#cti21146-bib-0031){ref-type="ref"}, [^40^](#cti21146-bib-0040){ref-type="ref"} In this context, Th2 cells have been shown to be critical for IL‐33‐dependent infection immunity. In particular, the Th2 cytokine mechanism in ILC2s also confers resistance to microbes, which has been identified as a key role for infection immunity in the absence of adaptive immunity.[^35^](#cti21146-bib-0035){ref-type="ref"}, [^40^](#cti21146-bib-0040){ref-type="ref"} Systemic IL‐33 can promote pathogen expulsion as a result of the action of ILC2s during sepsis.[^31^](#cti21146-bib-0031){ref-type="ref"} In this section, we show that the interactions between ILC2s and Th2 cells act to limit infection and expel pathogens from the site of infection in which they reside.[^19^](#cti21146-bib-0019){ref-type="ref"} The protective properties of the IL‐33 during infection can be further enhanced when acting synergistically with other cytokines, including IL‐25.[^18^](#cti21146-bib-0018){ref-type="ref"}

Another factor in the mechanism by which IL‐33 mediates microbial clearance is through the recruitment of neutrophils and polarisation of AAM. On the one hand, IL‐33 attenuates polymicrobial‐induced sepsis in mice by accelerating microbial clearance and neutrophil recruitment. This is mediated by the elevated levels of phagocytic, fungicidal or bactericidal activity of neutrophils, which are recruited via the production of CXCL1 and CXCL2 by peritoneal macrophages.[^30^](#cti21146-bib-0030){ref-type="ref"}, [^38^](#cti21146-bib-0038){ref-type="ref"} In addition, the increase in AAM numbers that are seen in IL‐33‐mediated worm killing in the lung[^64^](#cti21146-bib-0064){ref-type="ref"} requires CD4^+^ T‐cell‐ and ILC2‐mediated IL‐4/IL‐13 expression[^33^](#cti21146-bib-0033){ref-type="ref"}, [^35^](#cti21146-bib-0035){ref-type="ref"} (Figure [1](#cti21146-fig-0001){ref-type="fig"}). On the other hand, IL‐33 also enhances the antimicrobial activity of dermal macrophages via increased nitric oxide release, thus limiting microbial growth and survival.[^65^](#cti21146-bib-0065){ref-type="ref"} This is consistent with the fact that ILC2s and Th2 cells are involved in resistance to infection in an IL‐33‐dependent manner. This is evident as a result of the fact that IL‐33‐deficient mice show a limited elimination of infection. However, the elevated level of IL‐33 can also cause immune suppression via expansion of Tregs, which is commonly observed in sepsis‐surviving patients.[^64^](#cti21146-bib-0064){ref-type="ref"} By contrast, IL‐33*^−/−^* mice are more susceptible to infection than wild‐type mice, showing impaired microbial clearance and severe tissue immunopathology.[^66^](#cti21146-bib-0066){ref-type="ref"}

IL‐33 in tissue repair {#cti21146-sec-0019}
======================

Immune tolerance and tissue protection {#cti21146-sec-0020}
--------------------------------------

Patients undergoing organ transplantation or experiencing alloimmune disorders could benefit from immune tolerance induction, since dampening inflammatory activation on the target organ is enough to protect tissue. IL‐33 performs specialised functions via immune tolerance induction, and the feasibility of IL‐33 has been tested in acute graft‐versus‐host disease (GVHD) and inflammatory bowel disease (IBD), with promising results.[^21^](#cti21146-bib-0021){ref-type="ref"} Data from alloHCT models suggest that IL‐33‐responsive ST2^+^Tregs protect against the alloimmune response that is underlying to GVHD after alloHCT via suppressing macrophage activation and limiting accumulation of effector T cells.[^21^](#cti21146-bib-0021){ref-type="ref"} Similar effects are also observed in the intestine. IL‐33 acts in a cell‐intrinsic manner to promote accumulation of ST2^+^ Tregs and prevent dysregulated intestine inflammation, while IL‐23 may disturb this homeostasis and contribute to IBD.[^54^](#cti21146-bib-0054){ref-type="ref"} Studies in other mice models indicated that IL‐33‐stimulated Bregs restore colon homeostasis and effectively block the development of spontaneous colitis in IL‐10‐deficient mice.[^53^](#cti21146-bib-0053){ref-type="ref"}

Inflammation regulator and tissue restoration {#cti21146-sec-0021}
---------------------------------------------

Studies demonstrating several disease models show that IL‐33 induction following injury is associated with improved outcomes. IL‐33 supports tissue repair in several ways. First, IL‐33 limits inflammation by mediating the entry or activation state of certain anti‐inflammation subsets, primarily including AAM and Tregs. They both produce the cytokine IL‐10 in order to control inflammation and restore tissue.[^55^](#cti21146-bib-0055){ref-type="ref"} Brain‐derived IL‐33 recruits monocytes and acts on monocytes to augment the differentiation of AAM.[^39^](#cti21146-bib-0039){ref-type="ref"} This recruitment, together with a decrease in pro‐inflammatory genes, including IL‐6, IL‐1β and NLRP3, contributes to neuroprotective effects.[^39^](#cti21146-bib-0039){ref-type="ref"}

Second, IL‐33 maintains a more anti‐inflammatory type 2 cytokine milieu that has evolved to limit and repair tissue damage. There is increasing evidence to link Th2 immunity with the process of tissue restoration. Accordingly, IL‐33 was founded to promote the acceleration of the switch from a pathogenic Th1/Th17 response to a therapeutic Th2‐dominated response in EAE mice[^67^](#cti21146-bib-0067){ref-type="ref"} (Figure [2](#cti21146-fig-0002){ref-type="fig"}). Further investigations have shown that IL‐33 treatment confers protection by activating ILC2s and reverses established disease.[^68^](#cti21146-bib-0068){ref-type="ref"} Similarly, the protective effects of ILC2s have been investigated in models of renal and brain injury.[^36^](#cti21146-bib-0036){ref-type="ref"}, [^41^](#cti21146-bib-0041){ref-type="ref"}, [^69^](#cti21146-bib-0069){ref-type="ref"} Cameron *et al*.[^69^](#cti21146-bib-0069){ref-type="ref"} detail evidence suggesting that activation of IL‐33‐stimulated ILC2s and production of a local type 2 immune milieu is protective against injury, particularly in kidney disease. Of note, transfer of IL‐33‐stimulated ILC2s was sufficient to significantly reduce serum creatinine and tubular damage and increase survival following Renal ischaemia--reperfusion injury (IRI), as evidenced by upregulation of the levels of IL‐4 and IL‐13 in serum and kidney.[^36^](#cti21146-bib-0036){ref-type="ref"} Interestingly, depletion of ILC2s does not aggravate the severity of injury, suggesting the potential compensation effects from anti‐inflammatory immune cells.[^36^](#cti21146-bib-0036){ref-type="ref"}, [^70^](#cti21146-bib-0070){ref-type="ref"} In this study, IL‐33‐activated ILC2s were also able to drive AAM and Treg expansion, which is consistent with the mechanism of protection following kidney injury[^36^](#cti21146-bib-0036){ref-type="ref"}, [^69^](#cti21146-bib-0069){ref-type="ref"} (Figure [2](#cti21146-fig-0002){ref-type="fig"}). Collectively, these studies also provide a strong rationale to further explore the therapeutic potential of targeting IL‐33/ILC2 axis in kidney injury.[^69^](#cti21146-bib-0069){ref-type="ref"}

![The action modes of IL‐33 during tissue repair and regeneration. IL‐33 confers neuroprotection by stimulating ILC2s and promoting Th2 and Treg accumulation, thereby reversing the pathogenic Th1/Th17 response. Furthermore, IL‐33 activates ILC2s and maintains a type 2 immune environment. These cytokines subsequently induce broad anti‐inflammatory immune cells, such as AAMs and Tregs, that produce IL‐10 and AREG. As a result, the levels of inflammation in the kidney are downgraded and IL‐33 rescues kidney function. In addition, IL‐33 is also important for the regeneration of muscle tissue. It can direct the differentiation and the regeneration of myofibers and satellite cells through Treg expansion. Successful mucosal healing is often achieved by the expression of *Muc* in response to IL‐33, which is present in AREG‐derived ILC2s and Tregs.](CTI2-9-e1146-g002){#cti21146-fig-0002}

Tissue remodelling and regeneration {#cti21146-sec-0022}
-----------------------------------

As outlined earlier, IL‐33 is primarily secreted by inflamed or injured tissue. It preferentially mediates immune cells to promote tissue repair. Specifically, IL‐33 has been shown to have tissue‐regenerative functions in several tissues, including skeletal muscle, skin and the colon. The tissue regeneration function of IL‐33 in the muscles has been attributed in part to its ability to expand ST2^+^Tregs. These Tregs reside and accumulate in the muscle after injury increases the differentiation of satellite cells.[^71^](#cti21146-bib-0071){ref-type="ref"} This was the key observation of the supporting role of IL‐33‐primed Tregs in the context of muscle injury. Further, muscle regeneration is compromised by conditional ablation of ST2 genes in Tregs.[^56^](#cti21146-bib-0056){ref-type="ref"} A recent study addressed the fact that injection of IL‐33 can restore Treg population and improve muscle regeneration in injured muscles of an aged mouse model. In this study, a shift from the muscle transcriptome towards a muscle regeneration signature was observed, and the number and area of myofibres were also elevated as evidenced by histology.[^56^](#cti21146-bib-0056){ref-type="ref"} Upon skin injury, IL‐33‐dependent ILC2 and AAM polarisation promotes cutaneous wound closure and healing by re‐epithelisation and the extracellular matrix (ECM).[^72^](#cti21146-bib-0072){ref-type="ref"}, [^73^](#cti21146-bib-0073){ref-type="ref"} Accordingly, IL‐33 can also be found to be involved in colon mucosal healing via promoting the differentiation of enterocytes and macrophages into goblet cells and AAM, respectively. The secretory mucin gene *Muc2* and goblet cell hyperplasia gene *KLF* are upregulated,[^73^](#cti21146-bib-0073){ref-type="ref"}, [^74^](#cti21146-bib-0074){ref-type="ref"} which supports mucosal healing during colitis.

In addition, AREG, a ligand of the epidermal growth factor receptor (EGFR), released by Tregs and ILC2s has important roles in tissue repair of multiple organs. It can induce differentiation and proliferation of its target cells. Emerging studies have shown that the alarmin IL‐33 induces AREG production in ILC2s and Tregs in models of colitis and lung damage after infection. These studies also show that IL‐33 promotes tissue integrity and functional repair[^43^](#cti21146-bib-0043){ref-type="ref"}, [^58^](#cti21146-bib-0058){ref-type="ref"} (Figure [2](#cti21146-fig-0002){ref-type="fig"}). Further, by enhancing the expression of the tight junction protein Claudin 1 and the secretory mucin gene *Muc2*, IL‐33‐stimulated AREG plays a role in tissue repair.[^75^](#cti21146-bib-0075){ref-type="ref"} Additional research is needed to further dissect the various tissue‐protective mechanisms of IL‐33 that they induce during the tissue regeneration process.

IL‐33 in metabolic homeostasis {#cti21146-sec-0023}
==============================

Metabolic dysfunction is often characterised as systemic low‐grade or a chronic inflammatory state in certain tissues, which is featured as obesity or even as type 2 diabetes. It is indicated that IL‐33 can directly mediate metabolic pathways and hence has a crucial role in metabolic syndrome.

Metabolic syndrome {#cti21146-sec-0024}
------------------

Adipose tissue was identified as a reservoir for IL‐33.[^76^](#cti21146-bib-0076){ref-type="ref"} Recent observations showed that ST2‐deficient mice were more prone to gain body weight and fat mass, and even disturbances of insulin secretion.[^77^](#cti21146-bib-0077){ref-type="ref"}, [^78^](#cti21146-bib-0078){ref-type="ref"} Further studies in IL‐33‐deficient mice also demonstrated an impaired glucose tolerance and insulin resistance, even when on a normal diet.[^57^](#cti21146-bib-0057){ref-type="ref"}, [^78^](#cti21146-bib-0078){ref-type="ref"}, [^79^](#cti21146-bib-0079){ref-type="ref"} Importantly, administration of recombinant IL‐33 in obese mice significantly improved multiple metabolic parameters.[^78^](#cti21146-bib-0078){ref-type="ref"}, [^79^](#cti21146-bib-0079){ref-type="ref"} IL‐33 regulates metabolism by several mechanisms.

First, IL‐33 maintains glucose and insulin homeostasis. Resident type 2 and regulatory immune cells within adipose tissue, including AAM, Tregs, eosinophils and ILC2s, maintain tissue metabolism homeostasis by blocking type 1 immunity, which has been confirmed by other findings. By promoting Treg proliferation and development, IL‐33 dampens obesity‐related inflammation and decreases fasting glucose.[^57^](#cti21146-bib-0057){ref-type="ref"}, [^79^](#cti21146-bib-0079){ref-type="ref"} In addition, by polarisation of macrophages towards AAM, IL‐33 creates protective effects in obese mice.[^77^](#cti21146-bib-0077){ref-type="ref"} Further, ILC2s, AAM and eosinophils constitute a regulatory network under the action of IL‐33. In this network, ILC2s produce IL‐5 and IL‐13 to maintain numbers of eosinophils and phenotype of AAM, respectively. In turn, eosinophils induce IL‐4 to promote AAM expansion.[^78^](#cti21146-bib-0078){ref-type="ref"}, [^79^](#cti21146-bib-0079){ref-type="ref"}, [^80^](#cti21146-bib-0080){ref-type="ref"} Strikingly, a recent study reported that islet mesenchymal cells can produce IL‐33, which directly contributes to insulin secretion. By acting on islet‐resident ILC2s that induce RA‐producing capacities in macrophages and DCs via IL‐13 and colony‐stimulating factor 2, this enhances β‐cell function, and therefore, islet‐derived IL‐33 induces insulin secretion.[^5^](#cti21146-bib-0005){ref-type="ref"}

Second, IL‐33 regulates lipid metabolism and energy homeostasis. An emerging cell type that is critical for regulating caloric expenditure is the brown adipocyte. Brown adipose tissue (BAT) expresses high amounts of uncoupling protein 1 (UCP1) and converts energy into heat. On the one hand, IL‐33 treatment can significantly upregulate UCP1 expression in white adipose tissue, which is termed the process of browning of white adipose tissue.[^79^](#cti21146-bib-0079){ref-type="ref"}, [^81^](#cti21146-bib-0081){ref-type="ref"}, [^82^](#cti21146-bib-0082){ref-type="ref"} This occurs via ILC2‐derived methionine‐enkephalin (MetEnk) peptides.[^79^](#cti21146-bib-0079){ref-type="ref"} On the other hand, ILC2‐derived IL‐13 and eosinophil‐derived IL‐4 promote proliferation of adipocyte precursors and a beige fate in an IL‐4Rα‐dependent manner.[^81^](#cti21146-bib-0081){ref-type="ref"} Particularly, ILC2 activation by IL‐33 favors macrophages towards a protective AAM (Figure [3](#cti21146-fig-0003){ref-type="fig"}), which directly leads to a reduced lipid accumulation and gene expression of lipid metabolism and adiposeness, such as *C*/*EBPα* (CAAT enhancer‐binding protein‐α), *SREBP‐1c* (sterol regulatory element‐binding protein 1c), *liver X receptor (LXR)α*, *LXRβ* and *PPARγ*.[^77^](#cti21146-bib-0077){ref-type="ref"}

![IL‐33 alleviates metabolic syndrome. Mesenchymal cells or adipocyte‐derived IL‐33 in adipose tissue orchestrates an immunometabolic crosstalk and supports and maintains metabolic homeostasis by activating a type 2 immune response. IL‐33 enhances Treg proliferation to achieve protective effects. Further, ILC2s, AAMs and eosinophils can constitute a regulatory network under the action of IL‐33 via IL‐4, IL‐5 and IL‐13 production. Therefore, dampened inflammation, lowered glucose levels and increased insulin sensitivity were observed. In addition, ILC2‐derived MetEnk peptides and AAM can promote lipolysis and thermogenesis for regulating caloric expenditure.](CTI2-9-e1146-g003){#cti21146-fig-0003}

Atherosclerosis {#cti21146-sec-0025}
---------------

Atherosclerosis is frequently associated with metabolic syndrome. Although IL‐33 is expressed by normal and atherosclerotic vasculature of mice and humans, elevated protective low‐density lipoprotein (oxLDL) antibodies and reduced atherosclerotic plaque size were observed in ApoE‐deficient mice on a high‐fat diet (which serve as mouse models of atherosclerosis).[^83^](#cti21146-bib-0083){ref-type="ref"} Because of this respect, IL‐33 directs the immune response towards the Th2 phenotype, which is associated with increased IL‐4, IL‐5, IL‐10 and IL‐13. It also leads to lesser accumulation of macrophages derived from foam cells, as well as T cells.[^83^](#cti21146-bib-0083){ref-type="ref"}, [^84^](#cti21146-bib-0084){ref-type="ref"}, [^85^](#cti21146-bib-0085){ref-type="ref"}

Targeting IL‐33 in human disease {#cti21146-sec-0026}
================================

Allergic inflammation disease {#cti21146-sec-0027}
-----------------------------

The level of IL‐33 is upregulated in allergic diseases such as asthma,[^7^](#cti21146-bib-0007){ref-type="ref"}, [^15^](#cti21146-bib-0015){ref-type="ref"}, [^86^](#cti21146-bib-0086){ref-type="ref"} atopic dermatitis (AD)[^2^](#cti21146-bib-0002){ref-type="ref"}, [^87^](#cti21146-bib-0087){ref-type="ref"} and allergic rhinitis.[^32^](#cti21146-bib-0032){ref-type="ref"} The concentration of IL‐33 positively correlates with the disease severity.[^87^](#cti21146-bib-0087){ref-type="ref"} Studies in animal models that either administer or ablate IL‐33 support its contribution to the pathogenesis of allergic disease.[^32^](#cti21146-bib-0032){ref-type="ref"}, [^86^](#cti21146-bib-0086){ref-type="ref"} Particularly, *IL‐33* and *ST2* were two major susceptibility loci shown to be associated with human asthma. The role of IL‐33 in asthma has been identified in genome‐wide association studies. Further analyses revealed that the pathogenic role has been ascribed to IL‐33 on the basis of its capacity to initiate innate and adaptive type 2 immunity that is characterised by the production of IL‐4, IL‐5 and IL‐13. IL‐33 administration to mice induces the accumulation and activation of basophils, neutrophils and eosinophils, which results in airway and nasal allergic inflammation.[^15^](#cti21146-bib-0015){ref-type="ref"}, [^32^](#cti21146-bib-0032){ref-type="ref"} On the one hand, IL‐33 promotes food‐induced anaphylaxis and aggravates allergic reactions through mast cell degranulation.[^2^](#cti21146-bib-0002){ref-type="ref"}, [^26^](#cti21146-bib-0026){ref-type="ref"} Additionally, IL‐33 also induces ILC2 accumulation, migration and type 2 cytokine production; the release of which induces tissue damage. In this regard, it is well recognised that the IL‐33/ILC2 axis plays a critical role in allergic disease.[^7^](#cti21146-bib-0007){ref-type="ref"}, [^19^](#cti21146-bib-0019){ref-type="ref"} On the other hand, adaptive Th2 cells are also targets for IL‐33, which are the main drivers of allergy‐associated inflammation once individuals are exposed to the allergen.[^19^](#cti21146-bib-0019){ref-type="ref"}, [^45^](#cti21146-bib-0045){ref-type="ref"}, [^47^](#cti21146-bib-0047){ref-type="ref"} Antibody‐targeting IL‐33 has been proven successful in mouse disease models, with ameliorated symptoms of experimental allergic asthma.[^86^](#cti21146-bib-0086){ref-type="ref"} Strikingly, etokimab, an anti‐IL‐33‐humanised monoclonal antibody, has undergone a randomised phase 2a clinical trial in the treatment of patients with moderate‐to‐severe AD and has shown promising efficacy.[^88^](#cti21146-bib-0088){ref-type="ref"}

Autoimmunological inflammation disease {#cti21146-sec-0028}
--------------------------------------

The pathogenesis of IL‐33 has been studied extensively in autoimmune diseases, including rheumatoid arthritis (RA), psoriasis and systemic lupus erythematosus (SLE).[^12^](#cti21146-bib-0012){ref-type="ref"} In addition, levels of IL‑33 are significantly higher in synovial fluid (SF) and serum from patients with RA and psoriasis than in such samples from healthy donors.[^89^](#cti21146-bib-0089){ref-type="ref"}, [^90^](#cti21146-bib-0090){ref-type="ref"} In the mouse model of RA, IL‐33 treatment markedly exacerbated arthritis and even erosion of cartilage.[^91^](#cti21146-bib-0091){ref-type="ref"}, [^92^](#cti21146-bib-0092){ref-type="ref"} The most studied effects of IL‐33 relate to the immune disorder, which were skewed towards a Th1/Th17 phenotype, characterised by the production of TNF‐α, IFN‐γ and IL‐17, as well as autoantibodies. The administration of recombinant IL‐33 markedly upregulated a pro‐inflammatory response, including TNF‐α, IL‐1β, IL‐17 and TNF‐α, synovial hyperplasia, and serum IgG1 and IgG2a in experimentally induced autoimmune arthritis.[^37^](#cti21146-bib-0037){ref-type="ref"}, [^91^](#cti21146-bib-0091){ref-type="ref"}, [^92^](#cti21146-bib-0092){ref-type="ref"} The activation and degranulation of mast cells under action of IL‐33 exacerbates arthritis and skin inflammation.[^90^](#cti21146-bib-0090){ref-type="ref"}, [^91^](#cti21146-bib-0091){ref-type="ref"}, [^92^](#cti21146-bib-0092){ref-type="ref"} IL‐33 also drives neutrophil migration to sites of inflammation in the joints and skin.[^37^](#cti21146-bib-0037){ref-type="ref"}, [^90^](#cti21146-bib-0090){ref-type="ref"} Moreover, an increased number of ILC2s that produced GM‐CSF in response to IL‐33 are found to initiate and augment arthritis.[^93^](#cti21146-bib-0093){ref-type="ref"} In further support for pathogenic functions of IL‐33 cytokines in arthritis, IL‐33 signalling blockade was shown to attenuate experimentally induced autoimmune arthritis.[^12^](#cti21146-bib-0012){ref-type="ref"}, [^92^](#cti21146-bib-0092){ref-type="ref"}

Cancer progress {#cti21146-sec-0029}
---------------

A role for IL‐33 in the regulation of carcinogenesis and tumor growth and metastasis has emerged. IL‐33 levels were found to be increased and correlated with tumor development, suggesting that IL‐33 is a potential marker for a poor prognosis.[^22^](#cti21146-bib-0022){ref-type="ref"}, [^94^](#cti21146-bib-0094){ref-type="ref"}, [^95^](#cti21146-bib-0095){ref-type="ref"} Evidence linking IL‐33 to tumor promotion includes preclinical models and human prognostic associations. Three major biological activities of IL‐33 may contribute to poor outcomes with immune‐dependent mechanisms.

First, IL‐33 expression has also been shown to promote premalignant adenoma in the intestines through mast cell‐derived proteases and cytokines.[^96^](#cti21146-bib-0096){ref-type="ref"} Second, by mechanisms involving angiogenesis, IL‐33 promotes tumor proliferation. It has been reported that IL‐33 can activate mast cells to produce a chemotactic cytokine, which promotes the accumulation of tumor‐associated macrophages (TAM) and supports the growth of tumor vascular network in gastric cancer.[^22^](#cti21146-bib-0022){ref-type="ref"} Last, stromal IL‐33 facilitates tumor metastases and invasion by suppressing local antitumor immunity, which is mediated by intratumor accumulation of Tregs and ILC2s. These cells produce AREG and IL‐13, respectively, and therefore forms a pro‐tumorigenic microenvironment in the breast, lung, head and neck, and colon.[^94^](#cti21146-bib-0094){ref-type="ref"}, [^97^](#cti21146-bib-0097){ref-type="ref"}, [^98^](#cti21146-bib-0098){ref-type="ref"}, [^99^](#cti21146-bib-0099){ref-type="ref"}

Taken together, targeting IL‐33 remains a therapeutic option for dysfunction and allergic disease. In fact, Clinicaltrials.gov has listed anti‐IL‐33 clinical trials in patients with asthma, food allergy, chronic rhinosinusitis and chronic obstructive airway disease (accessed 19 February 2020). The findings from these clinical trials confirm their potential therapeutic value by means of blocking their immunological effects in IL‐33‐neutralising antibodies. The need to explore IL‐33‐targeting therapeutic strategies and possibilities to maximise their clinical efficacy remains, even though results are impressive.

Concluding remarks {#cti21146-sec-0030}
==================

The recent studies we have discussed within this paper suggest that IL‐33 is a key immune orchestrator. These ST2‐expressing immune cells are involved in a complex dialogue with IL‐33. Through interaction with other immune cells, IL‑33 amplifies inflammatory responses and contributes to immune pathology, especially during allergic and autoimmune inflammation. There are few clinical trials for the treatment of these diseases via blockade of IL‐33 in progress. Furthermore, IL‐33 also has unique roles in driving tissue protection and regeneration, as well as homeostasis. These unique properties need to be carefully considered before utilising an IL‑33 cytokine therapy, suggesting that more research is required. However, many questions remain unsolved. Although studies have shown that the processing of the full‐length form of IL‐33 into biologically active forms is a crucial regulatory mechanism in IL‐33 biology, the question of how both the full‐length and truncated forms of IL‐33 function *in vivo* remains unknown. Emerging data have been obtained using mouse models, but more human clinical trials may be required to answer whether IL‐33 will be an available therapy to treat human diseases. Most importantly, a recent report identified an IL‐33 expression mesenchymal cell in adipose tissue, thus termed as IL‐33 reservoir. Upon inflammatory stimuli, the release of IL‐33 could promote anti‐inflammatory effects and maintain tissue homeostasis. However, it is uncertain whether or not this repair role was also observed in other diseases. Studies from the mesenchymal stem cell (MSC) field point to the fact that only inflammatory licensed MSCs engage in therapeutic actions through a series of immune cells. Whether allograft MSCs produce IL‐33 during the transfer process and contribute to tissue repair in an IL‐33‐dependent manner remains unexplained and requires further exploration.
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